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ARTICLE INFO ABSTRACT

Associate editor: Caroline L. Peacock Vanadium (V) is a redox-sensitive trace metal that typically exists in one of three oxidation states (+3, +4 and

+5) in natural waters; a feature increasingly used in paleoredox studies of ancient marine sediments. However,

Keywords: our knowledge of V geochemistry in low-oxygen marine environments is still limited, especially regarding in-

Vanadium teractions of V with reduced iron minerals such as green rust. Carbonate green rusts (GRcos) are mixed Fe'/Felll-

fre:‘ rust it phases found in some modern ferruginous settings, such as Lake Matano (Indonesia), and were likely abundant in
epidocrocite

ancient ferruginous marine systems where they may have played an essential role in authigenic V enrichments in
sediments. Here, we present an abiotic pathway of V removal from seawater via reduction and adsorption onto
amorphous GRcos3. Suspensions of the freshly precipitated GRcos (1 g L) were added to vanadate (1 mg V¥ L™}
initial concentration) in anoxic synthetic seawater solutions. Vanadium removal by GRcos was rapid and effi-
cient, with 92 — 99% of V removed in under 20 seconds. Synchrotron-based X-ray absorption near edge structure
(XANES) spectroscopy showed that vV adsorbed by GR¢os was partially reduced to a mixture of vV and VIV, with
the average oxidation state of adsorbed V increasing (+4.3 to +4.7) with increasing solution pH (7.5 to 8.5).
Upon subsequent exposure to aerated seawater, V-bearing GR¢o3 oxidized to lepidocrocite [y-FeO(OH)] within
24 h, with concomitant reduction of all solid-phase V¥ to VV. During oxidation, V was not released back into
solution; rather, extended X-ray absorption fine structure (EXAFS) modeling revealed that V!V was structurally
incorporated into lepidocrocite as octahedral vanadyl (VO*'). Our work further constrains the aqueous
geochemistry of V, which has implications for understanding V cycling and removal mechanisms in both modern
and ancient marine systems.

Marine sediment
Paleoredox tracer

1. Introduction suggested that deposition had occurred in oxygenated waters below the

anoxic core of an oxygen minimum zone (OMZ); this work had impli-

In aquatic systems, the transition metal vanadium (V) is thermody-
namically stable in three oxidation states (+3, +4 and +5) (Baes and
Mesmer, 1976; Taylor and Van Staden, 1994; Schlesinger et al. 2017).
This unique redox-sensitivity of V has led to its increasing use as a redox
proxy to study both modern (e.g., Wang et al., 2019; Bennett and Can-
field, 2020) and ancient (e.g., Brumsack 2006; Scholz 2018) sedimen-
tary environments. For example, V was used in a recent interpretation of
Mesoproterozoic black shales from the Xiamaling Formation (North
China Block), which, combined with other geochemical evidence,

cation for levels of atmospheric oxygen at the time of deposition (Zhang
et al., 2016). However, the early diagenesis of V in modern marine
sediments is still poorly understood (Ho et al., 2018; Scholz, 2018),
particularly in terms of V sorption to particulates in reducing environ-
ments (Huang et al., 2015; Gustafsson, 2019; Shaheen et al., 2019).
The fate of V in aqueous environments is dependent on many factors,
including: V concentration and speciation, pH, Ey, adsorption/desorp-
tion, biological activity, and interaction with major biogeochemical
cycles (Baes and Mesmer, 1976; Wanty and Goldhaber, 1992; Crans
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et al., 2010). Vanadium exists as a phosphate-like vanadate oxyanion
(HnVVO4"(;ﬁ)) in most oxic waters, with varying degrees of protonation
depending on local pH (Baes and Mesmer, 1976; Sadiq, 1988). Vanadate
can also polymerize into a variety of polynuclear species (Vs to Vg, V1)
at vanadium concentrations greater than 100 pM (Baes and Mesmer,
1976; Cruywagen, 1999); however, concentrations in natural waters do
not commonly exceed 20 uM (Wanty and Goldhaber, 1992). Vanadyl
anions [VIV02+, VIVOOH+, VIVO(OH)§ ] are thermodynamically stable
under moderately reducing conditions, such as in ferruginous marine
environments (Wehrli and Stumm, 1988; Chen and Liu, 2017), but have
been reported in oxic waters alongside V¥ (e.g., Wang and Safudo
Wilhelmy, 2008, 2009). Trivalent V exists only under highly reducing
conditions, such as euxinic marine environments, and readily pre-
cipitates as a solid hydroxide [VHI(OH)3] or substitutes for Fe'! and AI™
in various minerals (Gehring et al., 1994; Balan et al., 2006). Aqueous
vV and V"V can be effectively adsorbed (Krauskopf, 1956; Lewan, 1984;
Shieh and Duedall, 1988; Wehrli and Stumm, 1988; White and Peterson,
1996; Morford et al., 2005; Naeem et al., 2007; Brinza et al., 2008;
Larsson et al., 2017a; Wisawapipat and Kretzschmar, 2017; Vessey et al.,
2020; Vessey and Lindsay, 2020; Zhu et al., 2020; Abernathy et al.,
2021; O’Loughlin et al., 2021; Abernathy et al., 2022) and incorporated
(Schwertmann and Pfab, 1994; Kaur et al., 2009; Vessey and Lindsay,
2020) by metal (hydr)oxides and sulfides (e.g., of Al, Fe, Mn, Ti), organic
matter, and clays. In the modern ocean, for example, iron oxides derived
from hydrothermal vents are thought to control V concentrations (Trefry
and Metz, 1989). These solid-phase V sorption processes are major
pathways for V to transfer from water column to marine sediments,
potentially resulting in authigenic V enrichment (Tribovillard et al.,
2006; Bennett and Canfield, 2020). Yet, our ability to interpret enrich-
ment in ancient sediments in the context of the prevailing redox con-
ditions requires a better understanding of the geochemical mechanisms
driving V uptake in reducing environments (Algeo and Maynard, 2004;
Gustafsson, 2019; Shaheen et al., 2019).

Vanadium enrichment is often observed in iron-rich (ferruginous)
sedimentary rock formations, such as some banded iron-formations
(BIFs) of the Precambrian (Canfield et al., 2018) and early Cambrian
(Han et al., 2018), indicating a possible link between iron and vanadium
cycling in these ancient reducing environments (Krauskopf, 1956).
Green rusts (GRs) are mixed Fe!l/Fe!l layered double hydroxide minerals
(Bernal et al., 1959; Trolard et al., 2007) that occur in modern ferrugi-
nous reducing environments such as lake Matano (Indonesia), where
aqueous Fel is partially oxidized in the oxic water column (Zegeye et al.,
2012; Etique et al., 2014). Green rust also forms under reducing con-
ditions in soils and sediments (Hansen et al., 1996; Trolard et al., 1997);
for example, through bacterial reduction of Fe''-bearing minerals such
as ferrihydrite or lepidocrocite (e.g., Ona-Nguema et al., 2002). Car-
bonate green rusts (GRcos), a type of GR with interlayers of carbonate
anions (CO%’), likely occurred in ancient marine systems (Halevy et al.,
2017; Koeksoy et al., 2019; Russell and Ponce, 2020) and thus, may have
been involved in the sorption and transport of V in ancient marine en-
vironments. In laboratory settings, GR can efficiently reduce and sorb
various metal(loid)s, such as antimony (e.g., Mitsunobu et al., 2008),
arsenic (e.g., Jonsson and Sherman, 2008; Karimian et al., 2017), sele-
nium (e.g., Myneni et al., 1997) and uranium (e.g., O’Loughlin et al.,
2003). The reduction of VV following adsorption in the presence of Fell
containing phases in solution has been previously described (White and
Peterson, 1996; Vessey and Lindsay, 2020; O’Loughlin et al., 2021).
While Vessey and Lindsay (2020) and O’Loughlin et al. (2021) observed
reduction of V¥ and uptake by GR-like secondary phases, a detailed
analysis of adsorption kinetics and the reduction—oxidation mechanisms
of V by GR¢o3 in seawater has not been reported.

Recent reviews (Scholz, 2018; Bennett and Canfield, 2020) highlight
that V speciation can be utilized to classify the redox chemistry of
modern and ancient marine environments (oxic, OMZs and euxinic ba-
sins). In reducing environments, minerals that precipitate prior to
diagenesis are often exposed to redox fluctuations. For example,
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authigenic minerals may form in the anoxic water column and then
transit to oxygenated bottom waters, or vice versa (Scholz, 2018). There
are a number of studies on the direct sorption of V onto iron (oxyhydr)
oxides, such as goethite (Schwertmann and Pfab, 1994; Peacock and
Sherman, 2004; Kaur et al., 2009; Zhu et al., 2020) and ferrihydrite
(Brinza et al., 2008; Larsson et al., 2017a, 2017b; Vessey et al., 2020;
Vessey and Lindsay, 2020) — minerals that may be present at the oxy-
gen/Fe{Iaq) interface in ferruginous waters (Koeksoy et al., 2016, 2019).
Little is known about the fate of reduced iron minerals, and associated
metal(loid)s such as V, and their fate and preservation under fluctuating
redox conditions. Simulating the effect of diverse oxygen conditions on
V-bearing iron minerals, such as GRs, in marine conditions will enable a
broader understanding of V speciation and its coordination in environ-
ments relevant to both modern and ancient contexts.

To study the kinetics of vanadate sorption by GR¢ps in anoxic
seawater conditions and subsequent oxidation, we performed batch
experiments at environmentally relevant concentrations (1 mg V L2,
Wanty and Goldhaber, 1992) and circumneutral to slightly alkaline pH
values (7.5 to 8.5) typical of marine waters. Vanadium oxidation state
and coordination environment were determined for both anoxic and
oxic conditions using synchrotron-based X-ray absorption near edge
structure (XANES) spectroscopy and extended X-ray absorption fine
structure (EXAFS) spectroscopy. Our results improve the understanding
of the potential role of GR¢os during authigenic enrichment of V within
anoxic sediments, and the mobility of V associated with reduced iron
minerals under fluctuating redox conditions.

2. Materials and methods
2.1. Reagents and materials

All experimental solutions were prepared with deionized ultrapure
(> 18.2 MQ.cm) (DI) water, which was No-purged for a minimum of 2 h
and additionally stirred inside an anaerobic chamber (O3 < 15 ppm, Hy
< 5%; Coy Labs) for at least 10 min to ensure complete degassing.
Artificial seawater (ASW) was prepared from a standard laboratory-
grade sea salt mix (ASTM D1141-98; Lake Products Company LLC) by
dissolving ~42 g of salt per liter of water. Upon dissolution of the salts,
the ASW was filtered (@ 0.2 um polyethersulfone (PES)) to remove any
insoluble components of the salt mix and the pH was adjusted to 8.2
using 0.1 mol L™ HCL The final salinity of the ASW was 35%o. All
chemicals and materials were stored inside the anaerobic chamber for at
least one day prior to experiments to minimise the possibility of
oxidation by residual Oy on surfaces. Temperature (SevenCompact™
pH/Ion Meter $S220) and pH (SevenCompact™ pH/Ion Meter $220) in
solutions were continuously measured, and salinity (Seven2Go Con-
ductivity Meter S3) and DO (Dissolved Oxygen Meter; Mettler Toledo®)
were regularly monitored during sorption and oxidation experiments.

2.2. Green rust synthesis and oxidation

Carbonate green rust is the most stable GR-phase in nature (Mills et al.,
2012) and was synthesized with the approximate chemical formula
[FeIZIFeﬁH(OH)lz] 2+, [CO3- nH20]2’ (n < 3) following an adaptation of the
co-precipitation method (Drissi et al., 1995), described in detail by Bocher
et al. (2004). Quantities of ferrous sulphate heptahydrate (FeSO4 - 7H50,
AR grade) and ferric sulphate hydrate [Feo(SO4)3 - 4.5H20, LR grade] were
each dissolved in 50 mL deoxygenated DI water inside the anaerobic
chamber and mixed in a 250 mL glass beaker on a magnetic stirrer,
resulting in an approximate initial [Fe""]:[Fe"] ratio of 2.2:1 in solution. In
a second step, sodium carbonate (NapCO3 with [CO%’] =0.466 mol L1,
ACS grade) was dissolved in a sodium hydroxide solution ([NaOH] = 0.8
mol L™}, AR grade) and slowly added to the beaker containing the stirred
ferrous-ferric iron solution. The formation of sulphate green rust
[GR(SO%’)] was avoided by ensuring a ratio of carbonate to sulphate of at
least 6:5 (Bocher et al., 2004). The GRco3 precipitate was aged by stirring
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the solution for 1 h, then recovered by centrifugation at 3000 rcf. The
recovered precipitate was washed twice with deoxygenated DI water and
once with deoxygenated ASW, being recovered each time by centrifuga-
tion at 3000 rcf. The GR¢os dry weight was determined for each experi-
ment by filtering 10 mL of suspension through a @ 0.03 um pre-weighed
filter, washing the solid with deoxygenated DI water to remove salts,
drying it for 24 h inside the anaerobic chamber and reweighing the filter
and dried precipitate. Mineral suspensions (1:2 mineral to deoxygenated
ASW, or DI water) were prepared to allow accurate addition of green rust
to batch reactors. To minimise possible mineral transformations, suspen-
sions were used without delay for sorption experiments and a subsample
was taken for X-ray diffraction analysis (XRD; Bruker D4 Endeavour, using
Co Karadiation at 40 kV/40 mA) to confirm the mineral composition at the
beginning and end of the experiments. Freshly precipitated GRcos, as
opposed to the freeze-dried form, was used in all experiments to mimic
natural conditions of the authigenic formation of (amorphous) green rust
in anoxic marine environments. Following the final sampling, subsamples
of the final reaction solids were collected by centrifugation for XRD
analysis to identify the mineral(s) present. Analogously, a subsample was
taken for XRD analysis after exposing the mineral suspension for 24 h to
aerated ASW to characterize the oxidation products. A more detailed
description of sample preparation for XRD analysis can be found in the
Supplementary Material (SM).

2.3. Sorption of V(V) by carbonate green rust

Sorption studies were performed in duplicate to evaluate the kinetics
of V adsorption by GR¢o3 at a pH range relevant to marine environments
(pH 7.5, 8.1, 8.5). The reaction solution was made up in 1 L low density
polyethylene (LDPE; Nalgene) bottles using ASW at a final salinity of 35
+ 1%o. Freshly synthesized and washed GR¢o3 was added to batch re-
actors to achieve a suspension of 1 (+ 0.25) g L™ (dry weight). The pH
of each kinetics experiment was adjusted after GR¢p3 addition to 0.1 —
0.2 pH units below the desired final value using 0.2 mol L~} HCI, while
stirring the solution vigorously. Vanadate stock solutions (Na3VVO4, AR
grade; [VV] = 41.5 mg L™!) were freshly made prior to each experiment
to avoid formation of polymeric species. Aliquots of V stock solution
were added to batch reactors to yield a final V concentration of roughly
1(0.9 + 0.1) mg L™, resulting in final loadings of around 1000 ug V g~
GRco3 (Table S1). The solution pH was only adjusted at the start of the
sorption experiments to desired values and was relatively stable
throughout the 4-hour experiment, with a maximum increase of 0.15
units. The temperature inside the batch reactors was controlled using a
custom-built water-jacket system and kept at 25.0 (& 0.2) °C. Following
the addition of vanadate, subsamples of the solution were collected at 15
time points: 10, 20, 40, 60, 90, 120, 180 s, and 10, 20, 40, 60, 90, 120,
180 and 240 min. Subsamples were collected using 20 mL polypropylene
syringes (HSW, Norm-Ject®) and filtered through @ 0.45 um and 0.03
um pore size PES filter membranes mounted in series to separate solid-
and solution-phases. Residual V and Fe in filtered aqueous samples were
measured directly by inductively coupled plasma mass spectrometry.
Solid-phase samples from the kinetics experiments were collected on ¢
0.45 um pore size filter membranes and dried over 1 to 2 days inside the
anaerobic chamber. The dried solid was carefully scraped off the filter
membrane, homogenized, spread on to carbon tape (C-tape) and
mounted on polymethyl methacrylate sample holders inside the anaer-
obic chamber. Mounted samples were covered with parafilm to avoid
cross-contamination and stored in sealed aluminized Mylar bags under
an Ny atmosphere at —-80 °C until further analysis at the Australian
Synchrotron.

In a separate set of experiments, adsorption isotherms for the pH
values of 7.5, 8.1, and 8.5 were determined using batch reactors (0.25 L
Nalgene LDPE bottles) containing varying initial V:GR¢p3 mass ratios (0
~ 300 mg V g~ ! GReos). The pH change of the solution caused by
vanadate and GRco3 addition was tested in advance and accounted for.
This was done by adjusting the pH after vanadate addition to 0.1 — 0.2
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pH units lower than the desired pH in anticipation of an expected pH
increase caused by the GRcps addition (Table S2). The batch reactors
were continuously shaken at a constant temperature of 25.0 + 1.5 °C
until equilibrium was reached (t = 2 h), at which point aqueous and
solid samples were collected, preserved and analyzed as outlined above.
The Microsoft Excel-based user interface (UI) developed by Wang and
Guo (2020) was used to fit various models to the adsorption isotherm
data of the V-GR¢o3 system. The empirical, non-linear Freundlich model
(Freundlich, 1906) with the adsorbate concentration C,, the adsorbed
amount g, and isotherm constants Kz (L'/" - mg' /" - g™1) and n; and
the chemical adsorption model after Langmuir (Langmuir, 1916, 1918)
with isotherm adsorption constants K, (L mg’l) and gmayx (8 mg’l), are
typically used to describe adsorption isotherms. For n = 1, the Freund-
lich model equals the Linear model.

2.4. Oxidation of V-bearing green rust

Following each kinetic sorption experiment, oxidation of V-bearing
GRo3 was performed for the three different pH treatments (7.5, 8.1, 8.5;
Table S3). After adsorption, batch reactors were removed from the
anaerobic chamber and exposed to ambient air for 24 h while constantly
and vigorously (~800 — 900 rpm) being stirred on a magnetic stirrer. For
the pH 8.5 treatment, samples were collected at 13 time points (30, 60,
120, 240 s and 10, 20, 40, 60, 120, 240, 480, 960 and 1440 min) from
the batch experiment. Whereas, for pH 7.5 and 8.1 experiments, samples
were collected only at the end of the reoxidation experiment (1440 min).
Solution samples were collected, filtered and membrane filters and
filtrate were preserved as described above for the sorption experiments.
Note here that the membrane filters were directly transferred to the
anaerobic chamber to dry and were processed alongside the adsorption
samples in an Ny atmosphere to prevent potential further oxidation.

2.5. Sample analysis

2.5.1. Inductively coupled plasma mass spectrometry

Inductively coupled plasma-mass spectrometry (ICP-MS; Agilent
7900) was used to measure concentrations of residual dissolved V and Fe
in experimental solutions. Samples were diluted 10-fold in deionized
water and acidified with ultrapure nitric acid to 2% (v/v) prior to
analysis. The instrument was run in high-matrix introduction (HMI-4)
mode with nebulizer gas flow at 0.75 L min~! and dilution gas flow at
0.3 L min~! to minimize the impact of the seawater matrix on instru-
ment stability. Accuracy of the ICP-MS analysis was verified by
analyzing a seawater certified reference material (CASS-5; National
Research Council Canada) in each analytical run, and results agreed to
within 94 — 109% of the certified value of 1.32 ug V L™! (average
measured concentration: 1.38 pg V L. The limit of detection (LOD)
was calculated as three times the standard deviation of ASW blanks and
ranged from 0.0035 to 0.095 pg V L1,

2.5.2. X-ray absorption spectroscopy

2.5.2.1. Data collection. Synchrotron-based X-ray absorption spectros-
copy (XAS) was performed at the XAS beamline of the Australian Syn-
chrotron (Clayton, VIC). The storage ring operated at 3 GeV in top-up
mode with a maximum electron current of 200 mA. XAS spectra were
collected at the V K-edge (5463.76 eV) using a Si[1 1 1] double-crystal
monochromator. Note here that the monochromator of the Australian
Synchrotron is calibrated to a tabulated value of 5463.76 eV (Kraft et al.,
1996), which then was corrected during data processing to the more
commonly used value of 5465 eV for the V K-edge (for more details see
2.5.2.3). Solid-phase XAS standards and samples on C-tape were
measured at room temperature in an He-sparged sample cell. XANES and
EXAFS spectra were collected in fluorescence mode with a 100-pixel
monolithic HP-Ge fluorescence detector (CANBERRA, France) over the
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pre-edge region (5400 — 5462 eV) in 3 eV steps and the XANES region
(5462 - 5517 eV) in 0.25 eV steps. The EXAFS region was scanned in
steps constant in k space (0.035 A™1) up to k; = 14 A~! for experiments
conducted at pH 8.5. Samples collected from experiments at pH 7.5 and
8.1 were scanned up to k; = 12.5 A~1. Spectra were collected in tripli-
cate for each sample and a reference vanadium metal (VO) foil was
scanned with each spectrum to calibrate spectra for energy shifts during
the beamtime. Sample-alteration due to radiation damage was assessed
by our group previously for similar samples (i.e., V-bearing iron mon-
osulfide) by rapidly scanning the same sample spot and monitoring
changes in pre-edge peak height and main edge position — damage was
negligible for exposure times representative of typical EXAFS scans.
Further beamline and scan details for XAS measurement of V are dis-
cussed elsewhere (Bennett et al., 2018), and were followed as outlined
therein.

2.5.2.2. Vanadium reference standards. Reference materials for V spe-
cies (V¥, VIV and V") were prepared using commercial ACS-grade
standards (Sigma Aldrich, > 99%), including sodium orthovanadate
(N33VVO4), VvV oxide (V405), vanadyl sulfate pentahydrate (VIVOSO4 .
5H,0), VIV oxide (VO5) and V! oxide (V503), which were collected over
multiple beamtime sessions using identical settings of measurement
parameters, some of which were previously published by Bennett et al.
(2018). In addition, standards of VIVO(OH)Z and VHI(OH)3 were freshly
prepared at the beamline via neutralization of VClz and VOSO4 with
sodium hydroxide, until a precipitate formed and were then directly
analyzed. An additional V™! standard (V"'Cls) from Vessey and Lindsay
(2020) was used for the XANES data analysis. Previous dilution of V
reference standards with cellulose resulted in significant reduction of V¥
during X-ray exposure, therefore, reference materials were used in un-
diluted form. Powders were spread as a thin layer (to avoid self-
absorption) using a fine brush directly onto separate C-tape sections
mounted onto XAS holders, which were then covered with parafilm to
prevent contamination during storage. For all standards and samples,
the parafilm was then removed directly before analysis.

2.5.2.3. Data processing and analysis. Initial data conversion and
reduction was done using the pre-processing tool SAKURA (https
://www.ansto.gov.au/our-facilities/australian-synchrotron/synchrot

ron-beamlines/x-ray-absorption-spectroscopy/sakura-a). Alignment of
reference channels and calibration to 5465 eV (first peak of the first
derivative), energy normalisation, deglitching of spectra, and data
reduction was done using ATHENA software (Demeter version 0.9.26;
Ravel and Newville, 2005). XANES data was analyzed in OriginPro
(2021b) by auto-fitting a linear baseline to the selected energy region
(5460 — 5480 eV) and the area integrated between the baseline and the
pre-edge peak (PEP). Linear baselines were manually adjusted where
needed to optimize fits. The mathematical area of vanadium PEP fea-
tures was determined for relevant vanadium standards and based on the
linear relationship of PEP area versus average oxidation state of stan-
dards, the oxidation states of samples were mathematically calculated
within the 95% confidence interval (CI). EXAFS data was analyzed using
ARTEMIS (Demeter, version 0.9.26; Ravel and Newville, 2005), the
absolute zero of energy (Ep) was chosen as the first peak in the first
derivative of each spectrum. Experimental Fourier-transformed y(R)
data was fitted using theoretical scattering paths from modified FEFF
calculations of V standards (NasV¥04, VIV0S0O,4) and mineral structures
(i.e., lepidocrocite) for substitution of structural Fell by V. Based on
knowledge of common vanadium coordination environments, theoret-
ical single and multiple scattering paths of standards were compared to
experimental EXAFS oscillations for varying k-ranges to obtain initial
fits. Nonlinear least-squares fitting of EXAFS data was done progressing
shell-by-shell to account for all characteristic features of the pseudo-
radial distribution function for each sample. Further optimisation of
fit was done by refinement of the Debye-Waller factor (c2),
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coordination number (N), V-X distance (R) and energy shift (AEg). The
amplitude reduction factor (S(z)) was fixed at a value of 0.90 as an
approximation, resulting in good fits for standards and samples. Statis-
tical significance was assessed using the Hamilton test (Calvin, 2013).

3. Results
3.1. Mineral identities

Comparison of XRD spectra with those on the International Centre
for Diffraction Data (ICDD) database resulted in a match of the syn-
thesized mineral with trébeurdenite (FeJFe}'O,(OH)19COs - 3H,0;
Génin et al., 2014), which is referred to hereafter as GRcos. The
(amorphous) GR¢ps was the only phase before and after sorption of V.
XRD analysis of the oxidation product showed that GR¢os fully trans-
formed to lepidocrocite [y-FeO(OH)] within 24 h of exposure to oxic
conditions.

3.2. Reductive sorption of V(V) by green rust

3.2.1. Kinetics

Green rust sorbed 92 to 99% of aqueous vanadate (HHVVO4
within 20 seconds of GR¢og addition (Fig. 1). Equilibrium (defined here
as a concentration change of < 0.50%) was reached within 120 s, with
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Fig. 1. Percentage of vanadate removal by green rust (1000 ug g™ 1) at: (a) pH
7.5, (b) pH 8.1 and (c) pH 8.5. The blue line indicates pseudo-first order (PFO)
and the red line corresponds to pseudo-second order (PSO) kinetic fits.
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more than 98% of V (1 mg L) removed from solution. The pH had, as
anticipated, an effect on the solubility of GR¢os in solution, resulting in
decreased GR¢os dissolution and lower Fe!! concentrations in solution at
higher pH values (Table S4). However, rapid sorption of V by GR¢o3 was
consistent for all tested pH values regardless of solubility-related dif-
ferences in V-mineral loadings (0.7 - 1.3 mg V g’1 GRco3; Fe&q): 0.14 -
1.4 mM). Due to the almost instantaneous sorption of nearly all V (>
92%) in solution, attempts to capture the initial linear section of the
sorption process were not successful. As a result, both pseudo-first and
pseudo-second order model fits described the sorption equally well, with
R? > 0.998 for all fits of both models (Table S5). Previously, a multiple
reaction pathway model for vanadate sorption has been introduced
(Vessey and Lindsay, 2020), which as a consequence of the instanta-
neous nature of the V-GR¢p3 reaction could not be applied here. Even
when reducing the reaction temperature to 5 °C, the majority of V (>
83%) was removed within the first feasible sampling time point (~15s),
and more than 93% within the first 120 s (Fig. S1).

3.2.2. Adsorption isotherms

Adsorption isotherm data was fit to the Freundlich (Kp, log Kr and n),
Langmuir (K, and qmax) and Linear model (K) (Table 1 and Fig. 2; Wang
and Guo, 2020). Lower V concentrations have a higher relevance to
marine settings, therefore, we selected the fitting range up to 6 mg V g+
GRco3 mass ratio (< 300 ppb [Vlinitial) in solution for non-linear
Freundlich and Langmuir fits and fitted a reduced range of both 1.5
and 0.6 mg V g~ ! as the upper limit of linearity for linear fits. The
Langmuir model fit resulted in high R? values in the range of 0.997 to
0.999, although the Freundlich model provided a slightly better fit for
pH7.5 (R = 0.9992 versus RZ4 = 0.9972) with Kp ranging from 10.7 to
97.4 mg V ¢! GR for pH 7.5 to 8.5. The Linear model of the isotherm
was done selectively for the linear section of the initial sorption and fits
were overall slightly better for the range ‘0 — 0.6 mg V g~1> compared to
the range up to 1.5 mg V g~!, with R? in the range of 0.9702 to 0.9964
and K ranging from 52.5 to 99.6. Overall based on coefficient of deter-
mination (RZ) values, both the Langmuir and the Freundlich model
provided good fits for the data. Generally, we observed that V¥
adsorption onto GR¢ps increased with increasing pH from 7.5 to 8.5.
Alternative isotherm fits using Scatchard plots (Scatchard, 1949; Aber-
nathy et al., 2022) were done (Fig. S2). However, the single-site Lang-
muir model and the Freundlich model described the data better (R? >
0.99) than linear conversions of Scatchard plots (R? < 0.87).

3.3. Oxidation of V-bearing green rust

We observed complete oxidation of the dark green-blue GR¢os to the
bright orange colored lepidocrocite (LP) during 24 h of aeration with
ambient air, coupled with a substantial pH decrease (pH 8.43 to 7.99; pH
8.17 to 7.75; pH 7.59 to 4.87; Table S3). Only minor amounts of
adsorbed V (< 4 ng L’l, or < 0.5%; Table S6) were released after 20 to
40 min following oxidation (pH 8.5), which were then fully re-adsorbed
onto the newly formed LP at the next sampling time point and remained
associated with the solid-phase for the duration of the experiment
(Fig. S3).

Table 1

Summary of V-GR¢os adsorption isotherm parameters generated using the Ul by Wang and Guo (2020), including Kg (L'/™ - mg
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Fig. 2. Adsorption isotherms with Langmuir, Freundlich and Linear model fits
for removal of V by GRco3 in anoxic marine waters, where C. and g, are the
adsorbate concentration (mg L™!) and adsorbed amount (mg g™ 1), respectively.
Langmuir and Freundlich fit ranges were up to 6 mg g~ ! V:GR¢og mass ratio in
solution and up to 0.6 mg g~ V:GRcog for Linear fits.
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3.4. Vanadium K-edge XANES and EXAFS

Vanadium K-edge XANES spectra of reference materials and samples
were evaluated to obtain information on valence states and symmetries
of sorbed V associated with GR¢p3 and LP (Wong et al., 1984; Haskel
et al., 2004; Chaurand et al., 2007; Levina et al., 2014; Duchesne et al.,
2016; O’Loughlin et al., 2021). Linear combination fitting (LCF) in
Athena was attempted but was not successful due to different V sym-
metries of samples compared to measured standards. Therefore, quan-
titative analysis using the PEP method (e.g., Chaurand et al., 2007;

1-1/n, g’l), log K and n obtained from

Freundlich, K;, (L mg’l) and Qmax (Mg g’l) obtained from Langmuir and K (L g’l) obtained from Linear model fits.

Langmuir model

Freundlich model

Linear model

Fitting 0-6mgVg! 0-6mgVg! 0-0.6mgVg! 0-1.5mgVvg?
range
pH K. Qmax R? Kr log K n R? K R? K R?
7.5 9.81 4.45 0.9972 10.7 1.03 1.46 0.9992 52.5 0.9702 38.1 0.9639
8.1 7.57 9.76 0.9998 28.8 1.46 1.25 0.9987 76.2 0.9964 68.5 0.9953
8.5 1.71 62.8 0.9995 97.4 1.99 1.01 0.9996 99.6 0.9815 99.7 0.9976
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Levina et al. 2014; Benzi et al., 2016) was done by comparison of the
PEP intensities of samples to those of selected V reference spectra using a
linear regression (R2 = 0.997). An average valence state of +5.1 + 0.1
for NagvV'0,4 and an average +3.9 + 0.2 for vV0S0, were calculated
within the 95% confidence interval (Table S7). Analysis of samples using
the PEP method revealed that adsorption of VY onto GRgojs resulted in
partial reduction, yielding mixtures of V¥ and V'V species, with average
oxidation states of +4.3 (pH = 7.5), +4.4 (pH = 8.1) and +4.7 (pH =
8.5). As pH increased throughout the adsorption experiments, V had a
higher average oxidation state. Interestingly, after exposing the reaction
solution for 24 h to aerated seawater, average V oxidation states
decreased further to +4.0 (pH = 7.5), +3.9 (pH = 8.1) and +3.9 (pH =
8.5) during the transformation of GR¢p3 to LP (see Fig. 3). Additionally,
a significant pH decrease (down to as low as pH 5) was observed during
the formation of the (oxyhydr)oxide mineral LP.

Collected EXAFS spectra of reference materials and samples were
analyzed using nonlinear least-squares fitting to obtain information on
the coordination environments of V-GR¢p3 and V-LP complexes, which
ultimately gives information on sorption processes and stability of
products (Fig. 4; Table 2). The NazV'0, standard was fit as previously
reported (Brinza et al., 2019; Larsson et al., 2017a; Vessey and Lindsay,
2020) to a first shell VVO4 tetrahedron at 1.72 A and a second shell
multiple scattering path (V—O—O0) with a coordination number of 12 at
3.12 A. The vIV0S0, standard exhibited a distorted VOg octahedron as
previously reported (Cooper et al., 2003; Krakowiak et al., 2012; Wen
et al., 2016; Vessey and Lindsay, 2020), with a characteristic short first
shell V=0 double bond at ~1.59 A, four equatorial V—O bonds at
around 2.01 A, a trans V—O bond at an interatomic distance of 2.53 A
and a fourth shell V—S backscatter path at 3.28 A. Coordination
numbers (CNs) for the first shell in V-GR¢p3 complexes were in a first
approximation calculated based on the interpretation of VV/V!V ratios in
samples derived from quantitative XANES analysis (see EQ. S1 and S2).
Due to a slight mismatch of fit and data, a second approach was taken
where CNs were permitted to float. This resulted in elongated first shell
V—O interatomic distances for V-GR¢o3 fits of ~1.68 A and CNs be-
tween 2 and 3, potentially representing a mixture of octahedrally co-
ordinated V!V (1 coordinate V=0 ligand at ~1.59 ;\) and tetrahedrally
coordinated V¥ (4 V—O ligands at ~1.72 ;\). Second shell V—O bonds
were fit to interatomic distances of ~1.99 [o\, and CNs were between 2
and 4 for all V-GR¢p3 experiments. Two coordinate V---Fe backscatters
at ~3.35 A indicate a bidentate corner-sharing complexes with GR¢os.
At pH 7.5 and pH 8.1, one coordinate V---Fe around 3.37 and 3.34 A
were present. Long-range V---Fe backscatters were also present in solids
collected from reactions at pH 7.5 (3.84 ;\), pH 8.1 (3.91 1°\) and 8.5

Na,v'o,
1.5 V0 —— 8
z e PH85-GR
% 1.0 pH7.5-LP V4 - PH8.1-GR
e PH8.A-LP PH7.5-GR
- pH85-LP— @ | ~VVOSo,
%051 VVO(OH),
o
Vlll(c)H)3
1, \\.*"/
004V Cl~ y = 0.750x - 2.199
R?=0.997
3 4 5

Oxidation State

Fig. 3. Linear regression of pre-edge peak area versus oxidation state of va-
nadium reference standards (black) with the 95% confidence band (dark grey)
and the 95% prediction band (light grey). Calculated V oxidation states of V-
bearing green rust (GR) samples are plotted in green and those of oxidized V-
bearing GR, lepidocrocite (LP) samples, in blue.
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(4.02 A), which are indicative of monodentate bonds. However, this
bond distance is slightly longer than previously reported monodentate
V...Fe distances (~3.6 [o\) for vanadate adsorption onto siderite (Vessey
and Lindsay, 2020). Statistical analysis of backscatter paths using the
Hamilton test showed that the addition of the V---Fe path at ~3.35 A (p
= 0.045) for experiments with GRcos at pH 8.5 resulted in statistically
significant improvements to the fit (Table S9). However, the addition of
V---Fe paths (p > 0.05) for experiments with GR¢o3 at pH 7.5 and 8.1 did
not significantly improve the fit. This statistical uncertainty could
originate from a low signal-noise ratio during data collection in EXAFS
region and may be minimized by extending the scan past 14 A~! for
future experiments.

EXAFS modeling of V-LP samples at all three pH treatments revealed
not only a change in associated V oxidation states, but also a change of V
coordination environments upon oxidation. Lepidocrocite has an
orthorhombic crystal structure (Ewing, 1935) with a distorted Fe—O
octahedron. Oxidized samples were fit by replacing a structural Fe atom
in LP with a V atom in the CIF file used to model the samples. Vanadium
incorporated into LP exhibited an octahedral coordination for pH 7.5,
with one V—O bond around ~1.65 A, a 4 coordinate equatorial V—O
path at ~2.00 10\, and one V—O bond at ~2.38 A. We are uncertain if the
V=0 double bond is retained here or if the vanadyl octahedron is simply
distorted. For pH 8.1 and 8.5, fit results were improved by fitting two
V—O bonds at ~1.70 A and a 4 coordinate equatorial V—O path at
~1.99 A. Together, with a large V---Fe backscatter path at ~3.0 A in 6
coordination, the results indicate that V!V replaced octahedral Fe3* and,
therefore, was incorporated into the structure of the newly formed LP.
Structural incorporation of VIV can visually be seen in the pronounced
V..-Fe backscatter feature (Fig. 4) and could also explain the stability of
the reduced V species even when exposed to oxic conditions for 24 h.

4. Discussion
4.1. Green rust characterization

The current ICDD database does not differentiate between the two
carbonate green rust mineral phases fougerite (FegFelzn(OthCOg .
3H,0), which has a ferric molar ratio of x = 0.33, and trébeurdenite
(FelFe'05(0H)1¢CO3 - 3H50), which has a ferric molar ratio of x =
0.67. However, Mills et al., 2012 have clearly reclassified GR-like phases
using spectroscopic characteristics. Additional manual comparison and
calculations of d-spacing using the software Match! (Version 3.13,
Crystal Impact, Germany) and comparison of the (003) and (01 2) peak
positions to other literature (Génin et al., 2014; Ruby et al., 2010)
confirmed the presence of trébeurdenite. Direct quantitation of Feg,q)
and total Fe following dissolution in concentrated HCI (after Kostka and
Luther I1I, 1994) gave ferric molar ratios of x = 0.41 (after synthesis) and
x = 0.44 (after V sorption). This suggests that the synthesized mineral
had a composition that was either a mix of or an intermediate form
between the two previously described carbonate green rust minerals,
fougerite and trébeurdenite, and is referred to as GRcos herein.

4.2. Kinetics

Green rust showed a high affinity to fully sorb environmentally
relevant amounts of V (1000 pg or ~20 umol V g~ GRgos; Huang et al.,
2015; Wanty and Goldhaber, 1992) within the pH range of natural
seawater (pH 7.5 — 8.5). The sorption was remarkably rapid and in
comparison to other pseudo-first and pseudo-second order k values
found in the literature, our values (k; 0.13 - 0.27 s and k5 0f 0.91 - 3.5
g mg~! s71) were within the upper range of reported kinetic values for
comparable metal(loid) removal by GRgos or other iron minerals
(Table 3). Adsorption kinetics are influenced by the adsorbent:adsorbate
ratio, which in this kinetic study was in the lower range (0.1% V
loading) compared to other studies (Williams and Scherer, 2001; Bond
and Fendorf, 2003; Perez et al., 2019; Vessey and Lindsay, 2020; Zhu
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Fig. 4. Vanadium K-edge XANES and EXAFS regions for V reference standards (Na3zVV0,, VIV0S0,), V adsorbed onto green rust (GR) at pH 7.5, 8.1 and 8.5 in anoxic
seawater, and V structurally incorporated into lepidocrocite (LP) following oxidation in aerated seawater. Black lines show collected spectra, while empty orange
circles correspond to EXAFS fits.

Table 2
Summary of EXAFS parameters for V reference standards and sorption/oxidation samples. Parameters include the amplitude function (S3), the energy-shift (AE), the
coordination number (CN, *restrained), bond distance (R), the Debye-Waller factor (62), and reduced chi-squared (szed).

Sample ID k-range S% AE Xfcd R factor Paths CN R (A) 2 (A2)
NazVV0, 3-12 0.9 —4.4(4) 64.8 0.019 V-0 4.0* 1.715(4) 0.0042(2)
V-0-0 MS 12.0% 3.12(3) 0.004(4)
VIVOSO4 3-12 0.9 8.6(6) 131 0.014 V-01 1.0 1.597(6) 0.0007(6)
V-02 4.0* 2.014(9) 0.0055(5)
V-03 1.0* 2.53(5) 0.012(7)
V-§ 2.0* 3.28(4) 0.018(6)
V-GR 3-14 0.9 4.8(5) 7.68 0.020 V-01 2.64(9) 1.678(4) 0.0079(1)
pH 8.5 V-02 3.7(3) 1.989(5) 0.0062(9)
V-Fel 2.0(5) 3.35(2) 0.018(4)
V-Fe2 0.8(4) 3.84(3) 0.011(6)
V-GR 3-12 0.9 1(1) 28.3 0.028 V-01 2.3(1) 1.68(5) 0.0048(4)
pH 8.1 V-02 2.2(2) 1.98(6) 0.0051(7)
V-Fel 0.96(4) 3.34(4) 0.014(4)
V-Fe2 2.0(9) 3.91(5) 0.018(7)
V-GR 3-12 0.9 2.5(9) 66.9 0.070 V-01 2.06(3) 1.68(2) 0.005(1)
pH7.5 V-02 3.19(4) 1.98(2) 0.007(1)
V-Fel 0.5(6) 3.31(9) 0.01(1)
V-Fe2 0.5(3) 3.85(5) 0.006(6)
V-LP 3-14 0.9 5.6(5) 44.0 0.029 V-01 2.0* 1.70(1) 0.008(2)
pH 8.5 V-02 4.0* 1.99(1) 0.0053(6)
V-Fel 6.0* 3.01(1) 0.018(1)
MS 2.0* 3.73(1) 0.003(1)
V-03 4.0* 3.93(2) 0.005(3)
V-LP 3-12 0.9 8.1(5) 93.1 0.028 V-01 2.0* 1.71(1) 0.009(2)
pH 8.1 V-02 4.0* 1.997(8) 0.0071(9)
V-Fel 6.0* 3.053(8) 0.014(1)
MS 6.0* 3.30(3) 0.003(4)
V-LP 3-12 0.9 9.2(7) 64.7 0.038 V-01 1.0* 1.658(5) 0.0013(7)
pH 7.5 V-02 4.0* 2.003(4) 0.0064(5)
V-03 1.0 2.38(2) 0.009(3)
V-Fe 6.0* 3.08(1) 0.014(1)
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Table 3
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Kinetic parameters k; (in s~1) for pseudo-first order and k; (g mg~' s™!) for pseudo-second order nonlinear fits of V-GRgo3 system (this paper) in comparison with
reported k values of diverse studies of either GR kinetics with comparable metal(loid)s (As, Cr) or VvV with other iron minerals.

Reference Adsorbent Adsorbate Pseudo first-order k; (s™%) Pseudo second-order k; (g mg’1 sh

Bond and Fendorf, 2003 Green rusts Cr(VD) GRq: 1.3 x 10°3-3.7 x 102 —
[0.125-0.5g L] [25 — 125 uM] GReos: 1.9 x 1072 - 2.4 x 1072

GRso4: 6.1 x 107 - 1.8 x 102

Perez et al., 2019 Sulfate green rust As(1IL;V) — As(1II): 0.11As(V): 0.36
[4gL™ [133 uM]

This study Carbonate green rust V(V) 0.13-0.27 0.91-3.5
gLl [20 pM]

Vessey and Lindsay, 2020 Ferrihydrite V(V) 3.3x1072 —
Magnetite [100 uM] 2.5 x 1072 —
Siderite — 32x 1072
Mackinawite 3.8 x 1072 —
[all 2 g L71]

Williams and Scherer, 2001 Carbonate green rust Cr(VI) 3.0x10°%-44x10° —
[0.25 gL [100 pM]

Zhao et al., 2021 Chloride green rust Cr(VI) 1.4 x 1072 —
[~0.45gL"] [10 mM]

Zhu et al., 2020 Goethite v(V) 6.7 x 107° 6.2 x 1074
2gL] [~5 mM]
Birnessite 1.0 x 10°* 2.7 x 1074
[2gL™"]

et al., 2020; Zhao et al., 2021). A general excess of available GRcos
adsorption sites (due to low V concentrations) can therefore be assumed
in our study. The sorption capacity of fougerite for As”, for example, was
reported to be > 3300 umol g~ 1 (Jonsson and Sherman, 2008), which is
165 times higher than the loading of this study. However, compared to
modern marine contexts (average of 1.63 — 2.5 ug V L™} (ppb); Collier,
1984; Jeandel et al., 1987), the concentrations used, both for V and GR,
can still be considered high. For ancient marine contexts, deposition of
higher V concentrations over geologic time scales are assumed (90 ppm;
Goldschmidt, 1937; Krauskopf, 1956) and black shales often contain
high V concentrations up to several 1000 ppm (e.g., Vine and Tourtelot,
1970; Bian et al., 2022).

4.3. Adsorption isotherms

The adsorption capacity of GRgos for V, based on Kg from the
Freundlich model and quax from Langmuir model, is within the higher
range of previously reported values, especially for pH values 8.1 and 8.5
(Naeem et al., 2007; Prathap and Namasivayam, 2010; Kong et al., 2020;
Vessey et al, 2020; Zhu et al., 2020; Gonzalez-Rodriguez and
Fernandez-Marcos, 2021; Table 4). The pH 8.5 isotherm fit constant
(Kg), for example, is almost double that for commercially available metal
hydroxide adsorbents used by Naeem et al. (2007), which indicates a
high V adsorption capacity of GR¢og in seawater.

Generally, we observed that vanadate adsorption onto GRcos

Table 4

Examples of Freundlich (Kg in LY".mg!~'/™

increased with increasing pH from 7.5 to 8.5. Other studies observed the
opposite trend for the adsorption onto other metal (oxyhydr)oxides,
with vanadate forming a pH-dependent adsorption envelope (pH 4 — 9)
through ligand exchange and competition with OH™ ions at higher pH
values (Peacock and Sherman, 2004; Naeem et al., 2007; Prathap and
Namasivayam, 2010). The dissolution of GR¢o3 at the lower pH values
could be a possible explanation for the observed trends. Carbonate green
rust is also known to grow by Ostwald-ripening — a sequence of
dissolution and (co-)reprecipitation — which can obscure pH-
dependence for the adsorption of ions (Guilbaud et al., 2013). We did
not observe any release of V to solution during adsorption, which pro-
vides evidence that the bulk of V remained adsorbed even if GRcos
underwent Ostwald-ripening or dissolution during the study. Comparing
our results to similar studies, some other factors such as the partial
reduction of V¥ to VIV by GRgo3 and the higher ionic strength used
(seawater = 35%o) should be considered. The higher ionic strength can
generally enhance aggregation of particles and therefore, reduce sorp-
tion sites (Shieh and Duedall, 1988). The point of zero charge (PZC) of
freshly precipitated GRcos was previously determined to be approxi-
mately at pH 8.35 £ 0.05 (Guilbaud et al., 2013); consequently, GRcos
has a positive surface charge for pH smaller than 8.35 favoring the
adsorption of anionic vanadate (H,V'O3 and HVY0? ), and a negative
charge for pH greater than 8.35, which is less favorable for vanadate
adsorption. There are, however, also reports of HVO3- specifically and
fully binding to negative oxide surfaces up to pH 8.5 (Wehrli and

~g’1and n) and Langmuir (qmay in mg g’1 and K in L mg’l) parameters for the adsorption of vanadate (adsorbate) onto

iron-containing adsorbents from the literature. Units were converted for direct comparison of data.

Study Adsorbent Loading (mg pH Matrix Freundlich Langmuir
gh
Gonzalez-Rodriguez and Fernandez-Marcos, Volcanic soil 0-2 5.6 -6.3 0.02molL ! NaNO3; K = 4.95-5.50 —
2021 m = 0.45 - 0.46
Kong et al., 2020 Nanoscale Fe® on layered double 0-100 3.0 Groundwater Kg = 37.8 Qmax = 87.0
hydroxide n=4.73 K = 0.50
Naeem et al., 2007 Metal (hydr)oxides 0-180 6.9-7.2 0.01 mol L ! Kp =9.20 — 42.8 Qmax = 25.1 - 111
NaClO4 n=274-488 K,=0.16-0.59*
Prathap and Namasivayam, 2010 Fe(III)/Cr(III) hydroxide 1-5 6.5-8.7 Distilled water Kr = 0.58 - 4.56 Qmax = 4.93-11.4
n=163-240 K;=0.10-0.82
This study Carbonate green rust 0-6 7.5-8.5 Seawater Kr =10.7 - 97.4 Qmax = 4.45-62.8
(0.7 mol L) n=1.01-1.46 K, =1.71-9.81
Vessey et al., 2020 Ferrihydrite and Hematite 0 - high 3-6 0.05mol L™} NaCl — K, =0.10-1.83
Zhu et al., 2020 Goethite and Birnessite 5-50 2-8 0.01 mol L} NaNO3 Kp = 3.87 — 4.50 Quayx = 7.64 —9.11

n=435-556 K;=0.52-1.52
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Stumm, 1989). In contrast, vanadyl is mostly present as a cation Vo2t
and VIYOOH™) in aqueous systems and, therefore, adsorption onto green
rust is generally favored for pH greater than 8.35 (Wehrli and Stumm,
1988), which may also explain the observed pH trends if most V' was
reduced to V'V before adsorption.

4.4. Reductive sorption of V by green rust

We observed the reductive sorption of V by GR¢os in seawater with
an average solid-phase V oxidation state in between +5.0 to +4.0 for the
pH range of seawater. Generally, V oxidation states decreased (XANES:
+4.7 to +4.3) with decreasing pH (8.5 to 7.5). This trend could be
explained by the increased concentration of aqueous Fe'! in solution at
lower pH due to dissolution of GR¢os, which could drive reduction of
aqueous V (Frierdich and Catalano, 2012a, b). Generally, it should be
noted that an average V valence state somewhere between +4.0 and
+5.0 can be indicative of a mix of V¥ and V', but V' may also be
present (O’Loughlin et al., 2021). Here, with the additional analysis of
EXAFS, a mix of mostly V¥ and VIV seemed to best fit the data. However,
fitting models to vanadium EXAFS is a challenging task due to the
complex coordination chemistry of vanadium species (e.g., Peacock and
Sherman, 2004). Additionally, the data resolution for V K-edge data is of
particular importance due to the overlapping of multiple V-O paths at
low R (i.e., oxygen ligands anywhere between 1.6 A and 2.2 A). We have
calculated the resolution of our data in R space (Rayleigh resolution
criterion, see Equation S3) and found that AR was in between 0.14 Aand
0.19 A, depending on the fitting range in k space (note that the fitting
range in k space was always chosen as the maximum possible for the
individual data set). Consequently, with the rather large discrepancy in
resolution, the meaning of atomic distances and their errors must be put
into perspective, and it should be acknowledged that slight differences
in atomic distance (which may be required to distinguish vanadium
species) may not be unequivocally distinguished by EXAFS modeling.

We provide evidence for the potential presence of both monodentate
(V---Fe ~3.8 f\) and bidentate corner-sharing (V---Fe ~3.3 /1’\) A%
adsorption complexes, respectively. Density functional theory (DFT)
calculations show that an increase in solution pH can generally be
interpreted as a decrease in OH™ vacancies of GRcos, and therefore,
bidentate sorption may be more likely at a lower pH and monodentate
sorption at a higher pH. Prior studies on vanadate sorption have shown
that a combination of both (monodentate and bidentate), and a transi-
tion to bidentate sorption complexes over time are energetically favored
(Peacock and Sherman, 2004). The Hamilton test (Table S9) showed that
these iron backscatters derived from the Fourier-transform carry a high
statistical uncertainty, which can also be seen in the sinusoidal character
of spectra and a lack in predominant features at higher R (Fig. 4). Pre-
vious groups have reported Fe backscatters for V EXAFS with a similar
lack of predominant features and similar noise at higher k (e.g., Aber-
nathy et al., 2022; Larsson et al., 2017a; Vessey and Lindsay, 2020).
Here, we have included estimates of V-Fe paths, but acknowledge that
these have a degree of uncertainty with them. Rather than suggesting a
single possible coordination sphere, we found that a set of different
possible coordinations can be fitted to the data — a common limitation of
EXAFS (Cramer et al., 1978). We report the most coherent fit in the main
text here, which we found to be a combination of potentially outer-
sphere complexation, and a mixture of inner-sphere monodentate and
bidentate corner-sharing complexes of V with green rust.

4.5. Oxidation of V-bearing green rust

We observed the complete oxidation of GR¢o3 to lepidocrocite (LP)
within 24 h in ambient air. The oxidation product(s) of carbonate green
rust generally depend on factors such as impurities, reaction matrix (i.e.,
presence of anions/carbonate), temperature, pH, redox condition, and
rate of oxygen input (Singh et al., 2010; Wang et al., 2013). When GR¢o3
oxidizes in solution, a range of Fe! (oxyhydr)oxides may form,
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including lepidocrocite [y-FeO(OH)], goethite [a-FeO(OH)], a mix of
both, or less commonly, ferrihydrite [Fej0014(OH)2] (Bernal et al.,
1959; Randall et al., 2001; Legrand et al., 2004; Michel et al., 2007).

Oxidation of V-bearing GR¢o3 to V-bearing LP resulted in the further
reduction of V¥ and incorporation of V'V. Although it seems counter-
intuitive that the oxidation of GR would lead to the reduction of V,
the oxidation of surface/structural Fe'' from GRcos yields a higher
reduction potential than dissolved Fe' (White and Peterson, 1996),
which may lead to lower V oxidation states. Additionally, a significant
pH decrease (down to as low as pH 5) was observed during the formation
of the (oxyhydr)oxide mineral LP as OH  was removed from solution.
Vanadium reduction is generally favored in acidic solutions (Baes and
Mesmer, 1976), demonstrated by the predominance of reduced V species
under these conditions at equilibrium (Fig. S4). We hypothesize that the
lower V oxidation states associated with LP may originate from a com-
bination of both, the oxidation of surface/structural Fe!l (increase of free
e” to reduce V) as well as a significant decrease in solution pH.

The incorporation of V in Fe-bearing minerals has previously been
reported: Sequestration of V has been shown in the case of synthetic
goethite (Schwertmann and Pfab, 1994, 1996; Kaur et al., 2009), where
VI substituted for Fe! due to their nearly identical atomic radii.
Structural substitution of Fe with VIV and V" in goethite was also re-
ported, with decreasing stability for increasing V oxidation state and
temperature (Kaur et al., 2009). Aqueous Fe'' has been shown to mediate
the release and structural incorporation of redox-sensitive trace metals
into iron oxide phases (Frierdich and Catalano, 2012b, a). Further,
Wehrli and Stumm (1989) calculated, based on adsorption data, that
adsorption and subsequent incorporation of vanadyl (V') may be an
important mechanism for long-term sequestration of reduced V in sed-
iments. A recent study confirmed this (Vessey and Lindsay, 2020)
providing evidence for the incorporation of VvV, and potentially VI in
mackinawite (Fe''S). In general, trivalent and bivalent iron in crystal
structures of iron (oxyhydr)oxides can be replaced by metals of similar
radii (Goldschmidt, 1937). Trivalent V has an ionic radius of ~0.640 [o\,
very similar to the ionic radius of trivalent Fe (~0.645 A) (Shannon,
1976), while V'V and VV exhibit smaller ionic radii (~0.580 and ~0.355
A). When occupying Fe-vacancies, differences in ionic size and in charge
can cause crystal distortions (Singh et al., 2010).

We observed only minor (< 0.5%) release of V to solution during
oxidation and a gradual decrease, with some local variations, in dis-
solved Fe. After 4 to 8 h of exposure to air, most of the residual Fe in
solution (< 1 pM) was consumed by the oxidation reaction. These
findings suggest that dissolution—coprecipitation of V and Fe and/or
surface-catalyzed Fegq) oxidation and ion exchange could be possible
mechanisms leading to the incorporation of reduced V in LP during the
oxidation of V-bearing GRcos.

4.6. Vanadium and green rust interactions in the modern environment

While V can be utilized as a unique paleo-proxy for understanding
early Earth systems, it also poses a threat to the modern environment as
a toxic contaminant associated with anthropogenic activity (Hope,
2008; Schlesinger et al., 2017; Watt et al., 2018). Specifically, vV and vV
are considered harmful due to their toxicity and mobility in the envi-
ronment (Crans et al., 1998; Larsson et al., 2015). In the context of V
being an anthropogenic contaminant in modern terrestrial and aquatic
environments, two studies have recently been published on the reduc-
tion and adsorption of \Ad by GR (Table 5). O’Loughlin et al. (2021)
provided evidence for a time-dependent reducing effect of both syn-
thetic and biogenic sulfate GR (SynGRgp4; BioGRg04), showing that after
4 months (SynGRgo4) and after 20 months (BioGRgp4), all adsorbed vV
(1000 pM) was fully reduced to v in pH 7.0 MOPS-buffered (0.05 M)
suspension — based on XANES PEP analysis. Similarly, Vessey and
Lindsay (2020) observed the formation of secondary chloride GR (GR¢))
while assessing the interactions of Fe&q) and vanadate (100 pyM) in pH
7.0 [MOPS-buffered (0.005 M) NaCl (0.05 M)] solution. In contrast, our
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Table 5
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Comparison of context, form of green rust, study condition, vanadate concentration, study duration and V K-edge results of recent studies on vanadate (V") adsorption

onto green rust.

Type of green rust (GR)  Study condition Vanadate Study period V K-edge XAS Reference
concentration
Amorphous carbonate pH7.5-8.5; 20 M Short term XANES: This study
GR Synthetic seawater (A1mgL™ (‘0°-24h) +4.3-4.7
(salinity = 35%o) EXAFS: monodentate and bidentate corner-
sharing

Biogenic sulfate GR pH 7.0; 1000 uM Short and long term  XANES: +4.0 (2 days) and +3.0 (> 4 O’Loughlin et al., 2021
MOPS (250mg L") (2 days to 20 months)
(0.05 M) months)

Secondary chloride GR pH 7.0; NaCl 100 uM Short term XANES: +4.31 (48 h) Vessey and Lindsay,
(0.05 M) and MOPS (0.005 (25mg L (‘0’-48h) EXAFS:bidentate corner-sharing 2020
M)

study was conducted at much higher ionic strength (~0.7 M) with lower
total V concentration (20 pM, Wanty and Goldhaber, 1992), and using
freshly precipitated carbonate GR to simulate authigenic GR formation
in the seawater column (Zegeye et al., 2012). Overall, the solid-phase
oxidation states of adsorbed V onto GR (short-term) reported by
O’Loughlin et al. (2021) and Vessey and Lindsay (2020) compare well to
our findings, with all observed V valence states being in between +4.0
and +5.0. Reduction of V¥ to VI by biogenic GRgo4 Was reported by
O’Loughlin et al. (2021). In light of these findings, the question arises
whether vanadate would further reduce to V! over longer time periods
when adsorbed to amorphous GR surfaces in seawater. As the
geochemistry of amorphous minerals can vary greatly to that of their
more crystalline forms (e.g., following freeze drying; Rogers, 1917),
investigating the sorption of V by amorphous/freshly precipitated pha-
ses may provide more environmentally-relevant data. With only a
handful of studies addressing the geochemical relationship of V and
mixed-valence iron phases, much remains to be studied, especially
regarding V substitution in iron and sulfide minerals present in reducing
marine conditions.

4.7. Implications and perspectives for modern and ancient marine settings

The results presented here have implications for the interpretation of
solid-phase V speciation and enrichment in reducing marine environ-
ments, including ancient and modern oxygen-restricted/OMZ-type ma-
rine settings. In these environments, such as the Peruvian Margin, oxic
waters commonly over- and underlie anoxic zones (Borchers et al., 2005;
Scholz et al., 2011; Scholz, 2018), and green rust (in form of the
oxidation product feroxyhyte) and lepidocrocite have both been re-
ported here (Heller et al., 2017). Our study demonstrated that green rust
(i.e., GRco3) may represent an effective sink for V in reducing environ-
ments of modern and ancient marine systems. Structural incorporation
of V¥ into LP under these conditions, and its resistance to oxidation,
may serve as an efficient vector aiding in the long-term enrichment of V
in marine sediments. However, within the scope of this study we only
investigated the short-term (up to 24 h) sorption/oxidation of V; GR/LP
stabilities of adsorbed and incorporated V beyond this timeframe remain
uncertain and require further attention in future works. Based on the
findings of O’Loughlin et al. (2021), it can be speculated that with time
all V¥V adsorbed onto GRco3 will eventually be reduced to VI under
anoxic conditions. It is relevant to verify if this is the case under natural
marine conditions and how stable V™! associated with GRqog is during
fluctuating oxygen conditions and over extended periods of time (i.e.,
months to years). It is also critical to consider other transformation
pathways for GRcos and similar V-loaded mineral phases in these en-
vironments, including reduction, oxidation, and sulfidation: which lead
to mineral transformation reactions that influence the cycling of V in
marine environments. While single-sorbent studies are essential for
understanding basic geochemical interactions, natural sediment systems
are much more complex and usually contain a wide range of iron
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(oxyhydr)oxides as well as other minerals and metals with the potential
for competitive sorption. Therefore, processes observed in single-
sorbent studies, such as this one, should be further investigated in
more complex, natural sedimentary systems.

5. Conclusion

We found vanadate to be rapidly, and efficiently, reduced and
removed from solution by GRcos across the pH range typical of
seawater. Following partial reduction and adsorption by GR, oxidation
of V-bearing GR¢os to LP did not result in any significant release of V
into solution; rather, solid-phase V was further reduced to vV and
incorporated into the structure of the newly formed LP. Incorporation of
VIV prevented reoxidation to V¥ over the 24-hour timescale of the
experiment. These results support the important role green rusts and
secondary Fe''! (oxyhydr)oxides (i.e., LP) may have in the transport of V
from the water column to the sediment. Overall, to gain a better un-
derstanding of authigenic V enrichment in anoxic sediments, and for the
accurate interpretation of V in the sedimentary rock record, an improved
understanding of the cycling and stability of V in marine oxygen-
restricted environments and its relationship with other (iron) minerals
during early diagenesis is required.
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